The evaluation of groundwater quality plays an important part in the evaluation of groundwater resources. It analyses the temporal and spatial distributions and utilisation of underground water according to the main components and corresponding water quality standards for underground water. Thereby, it can provide a scientific basis for the development, utilisation, planning, and management of groundwater resources. Set pair analysis (SPA), based on the improved five-element connectivity degree, was used in this research to establish a comprehensive evaluation model of water quality, so as to evaluate the groundwater quality in XuChang, Henan Province, China.
INTRODUCTION
Water is essential for life, and the safety of drinking water is directly related to human health (Viala ) . The evaluation of groundwater quality plays an essential role in the evaluation of groundwater resources. It analyses the temporal and spatial distributions and utilisation of underground water based on the main components and reasonable results in such studies (Zou et al. ) . Meanwhile, as a decision system based on dialectical thinking, it is an effective method for analysing uncertain multi-objective decisions. Based on the principle of SPA, the threeelement connectivity of SPA was extended to an improved five-element connectivity degree (IFCD) in this research.
Meanwhile, certain and uncertain factors were taken into account to carry out grade evaluation of groundwater quality in XuChang. The groundwater sources of drinking water are limited in XuChang, and garbage, pesticides, and fertilizer pollution pose potential threats to water quality.
It is therefore necessary to evaluate the quality of groundwater in the study area.
The principle of SPA
To begin with, SPA qualitatively analyses samples based on a certainty and uncertainty analysis, and then quantitatively evaluates groundwater quality by calculating the connectivity, so as to realize the best use of groundwater resources (Feng et al. ; Yang et al. ) . It is assumed that there are N evaluation indices of groundwater quality, among which, the number of the evaluation indices superior to the required standard is S, while that inferior thereto is P.
The number of evaluation indices that are not detected or compared is F. While evaluating groundwater quality by SPA, each index and evaluation standard in the evaluation area is supposed to be combined to construct a set pair (Zou et al. ) . Then, the expression of their connectivity in this area is given by:
where i and j are the markers of the uncertainty of difference and their degree of opposition.
Assume that a ¼ S/N, b ¼ F/N, and c ¼ P/N, then a, b, and c represent the similarity, the uncertainty of any difference, and the extent thereof, respectively. Then, formula
(1) can be simplified to:
where a, b, and c all satisfy the normalisation condition, namely, a þ b þ c ¼ 1. In accordance with SPA, the similarity a and the difference c in formula (2) According to the selected evaluation indices of groundwater quality, it can be seen that all the evaluation indices belong to the cost index category, i.e. the smaller the better. The evaluation index is given as:
where s 1 , s 2 , and s 3 represent the threshold values of the evaluation indices, and are regarded as the basis for determining the values of the similarity, difference, and opposition in the expression of the connectivity of SPA; x indicates the actual groundwater quality in each evaluation area (to be estimated), while m denotes the mth sample of groundwater quality that remains to be evaluated, and k refers to the kth evaluation index. Based on the calculated results from formula (1), the quality of the groundwater to be evaluated can be ranked and classified accordingly. The average connectivity μ m of sample m was obtained by averaging the results from formula (3). The average connectivity is expressed as:
SPA based on the improved multi-element connectivity
As an example, the connectivity μ ¼ a þ bi þ cj splits the state space in which the research object lies into three parts. Although this represents high precision for many problems, it has some drawbacks because it is too inaccurate to simply split the state space into three parts.
Therefore, the connectivity μ ¼ a þ bi þ cj can be studied at different layers according to different conditions. For example, if b is subdivided at a deeper level, formula (2) can be expanded to:
and when n ¼ 2, formula (5) may be written as:
For convenience, formula (6) can be written as:
Meanwhile: IV are considered as the basis for determining the difference. Thereinto, difference can further be subdivided into the identical difference degree (class II), difference degree (class III) and opposite difference degree (class IV). That is to say, the connectivity of the regional groundwater quality is portrayed using IFCD. The portrayed connectivity is formulated as follows:
where m is the mth water sampling point to be evaluated, while N represents the total number of evaluation indices, Groundwater all belong to the 'smaller the better' type.
Thereto, the connectivity of each evaluation index relative to the grading standard is:
where s 1 , s 2 , s 3 , and s 4 represent the limiting standard values of class I, class II, class III, and class IV, respectively; x indicates the measured index value of the water quality in each sampling point which remains to be evaluated, and m and k denote the mth sampling point to be evaluated and the kth evaluation index, separately. The calculation results in formula (9) were averaged and the average connectivity of each evaluation sample was obtained from:
where n is the number of evaluation indices. After formula (8) was processed using formula (4), the connectivity of set pair μ m of the sampling point to be evaluated could be obtained by normalising formula (8). Thereby, the composite water quality grade at the mth sampling point is given by:
where G m represents the composite water quality grade. III and IV. There was one evaluation index with its total hardness higher than the standard of class IV. Furthermore:
CASE STUDY
Then, the connectivity of water sample G1 is given by: l
Finding the average connectivity
The connectivity of each evaluation index relative to each sample of groundwater quality to be evaluated was calculated using formula (9), and then formula (4) was used to calculate the average connectivity, as shown in Table 2 . The average connectivity was used to process the expression for the connectivity. The coefficients were then normalised to estimate the water quality grade at each observation point. Estimated results are shown in Table 3 .
Evaluation of water quality results obtained using fuzzy comprehensive evaluation
The main steps in the fuzzy evaluation process are as follows:
(1) Establishing the factor set: the indices having the greatest influence on water quality were selected to establish the factor set of evaluation indices. Thereinto, the factors affecting water quality varied across different regions.
(2) Determining the comment set of evaluation: the five classes of water quality were used to represent excellent, fine, good, poor, and extremely poor water quality respectively. B. According to measured data in the research area, the weight matrix A can be calculated (Table 4) . G1  G2  G3  G4  G5  G6  G7  G8  G9  G10  G11  G12  G13   Grade  III  V  V  V  III  V  V  I  V  I  III  I  II The fuzzy matrix R of each sampling point was calculated, and then the coincidence operation was performed on the weight matrix A and the fuzzy matrix R, and the comprehensive evaluation table for water quality at each sampling point was then found (Table 5) .
ANALYSIS OF THE WATER QUALITY EVALUATION RESULTS
SPA and fuzzy evaluation were used to evaluate the 13 groups of groundwater quality data taken from XuChang.
As shown in Table 6 , nine sampling points showed the same evaluation result, while four sampling points had different evaluation results (Figure 2 ). Four groundwater samples were mainly classes I and II, which meet the Drinking Water Quality of China, with nine samples of classes III and V which required pretreatment to make them drinkable.
The environment in this water source region is seriously polluted by industrial wastes, slag, domestic waste, and so on which are stored around water sources.
CONCLUSIONS
The use of set pair analyses based on the improved fiveelement connectivity and fuzzy comprehensive evaluation analysed the groundwater quality in XuChang to be endowed with the following characteristics.
(1) SPA and fuzzy comprehensive evaluation were used to evaluate groundwater quality in the paper. The groundwater quality of different regions at the same classification may be different because of the different evaluation indicators. The SPA method is simple and practical, and its outcomes are objective and stable.
So, it is an effective evaluation method of water quality.
The main reason is that the samples were firstly classified preliminarily by calculating the degree of relation between the samples and evaluation indicators. Then the samples were ranked further through similarity, difference and opposition SPA.
(2) The groundwater quality at the observation points located in the lower reaches is poorer than that of the upper reaches. This is because the surface water in the city is polluted to varying degrees, and there is hydraulic connectivity between the surface water and groundwater.
The infiltration of surface water pollutes the shallow groundwater near both banks along the area's rivers. As a result, the surface water in the lower reaches is more heavily polluted than that in the upper reaches, and therefore the groundwater in the lower reaches is of poor quality.
(3) The groundwater was mainly classes III and V, and this does not meet the Drinking Water Quality of China, 
which requires pretreatment to make it drinkable. A small number of class I and II samples meet the Drinking Water Quality of China. The environment in this water source region is seriously polluted by industrial waste, slag, domestic waste, and so on which are stored around water sources. As a result, hazardous substances permeate underground to pollute shallow groundwater through decomposition and loss due to weathering and rainfall.
Based on the comprehensive evaluation of the groundwater quality in XuChang, the following suggestions regarding the development, utilisation, and protection thereof are proposed.
(1) Restriction and suspension of the exploitation of the groundwater in urban areas.
To protect groundwater resources in urban areas and improve the quality of drinking water for residents, the (2) Promoting the policy of water diversion, recharge, and improving water quality.
If pollution sources were eradicated, pollutants could be gradually diluted and purified after a period of time under the influence of the natural supply and motion of groundwater, as well as their adsorption by the local geological formations. However, this self-purification process is slow as groundwater runoffs are obstructed. Therefore, groundwater artificial recharge is adopted so as to greatly As to the specific steps taken, a project diverting water and recharging the groundwater to purify water sources from three vertical and four horizontal routes is planned for excavation in DongCheng District. It is suggested that this be further accelerated in the name of groundwater protection.
